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We update the constraints on the location of the nearest UHECR source. By analyzing recent
data from the Pierre Auger Observatory using start-of-the-art CR propagation models, we reaffirm
the need of local sources with a distance less than 25-100 Mpc, depending on mass composition.
A new fast semi-analytical method for the propagation of UHECR in environments with turbulent
magnetic fields is developed. The onset of an enhancement and a low-energy magnetic horizon of
cosmic rays from sources located within a particular distance range is demonstrated. We investigate
the distance to the nearest source, taking into account these magnetic field effects. The results
obtained highlight the robustness of our constrained distances to the nearest source.
I. INTRODUCTION
The origin of ultra-high energy cosmic rays (UHECR)
remains an open question even a century after their dis-
covery [1]. Deflections of cosmic rays in extra-galactic
and galactic magnetic fields scramble their arrival direc-
tion and, consequently, mask the location of their sources.
Only for the most energetic events (E & 1019.5 eV),
some residual information about their origin can still be
present in their arrival direction distribution. In par-
ticular, a recent analysis of data from the Pierre Auger
Observatory [2] has revealed a strong large-scale dipole
anisotropy at the level of 6.5% above 8 EeV [3] (see
also [4, 5]). In addition, the data above 39 EeV shows
evidence for cross-correlation with γ-ray data, in particu-
lar, for the sub-sample of γ-ray emitting starburst galax-
ies [6]. While these results can be considered important
milestones towards the identification of UHECR sources,
the overall data is presently inconclusive. We refer to the
recent reviews [7, 8] for further details.
The energy spectrum of UHECR, on the other hand,
has been measured with unprecedented statistics [9], re-
vealing two important features: a hardening of the spec-
tral index at E = 1018.8 eV, the so-called ankle, and a
suppression for E > 1019.7 eV [10], which may be ex-
plained by either a maximum power of acceleration of
the sources or energy losses during the propagation or
a combination of both [11]. During their propagation,
UHECR interact with the photon background and lose
energy via e−e+ pair production, pion production and
photodisintegration, the latter of which leads to a change
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in the particle species [12, 13]. These losses are energy
dependent, with the highest energies (E & 1019.5 eV)
being dominated by pion production for a proton and
by photodisintegration for heavier nuclei, the so-called
GZK effect [14, 15]. These propagation effects create
an energy-dependent horizon, dictating a maximum dis-
tance from which UHECR of a given energy are expected
to come from [16–19]. As a consequence, the energy spec-
trum also contains information about the distance distri-
bution of the sources of UHECR, which might be helpful
in deciphering their origins.
In this work, we investigate the role played by the lo-
cal sources of UHECR on the observed spectrum. Firstly,
in section II, we revisit the work of Ref. [20], that con-
strained the distance to the nearest source for an environ-
ment with no magnetic fields. This study is updated here
by analyzing recent data from the Pierre Auger Observa-
tory using the state-of-the-art Monte Carlo propagation
code, CRPropa 3 [21]. We also discuss the stability and
systematic uncertainties of the fit. We develop the anal-
ysis by discussing the combined effects of a distance to
the nearest source and extra-galactic turbulent magnetic
fields. In section IIIA, we describe a semi-analytical ap-
proximation for the propagation of UHECR in turbulent
extra-galactic magnetic fields, that provides an efficient
method of studying the effect of a magnetic horizon in
the cosmic ray data analysis. In section III B, we explore
the effects of the distance to the nearest source in the
low-energy end of the spectrum for different magnetic
field scenarios. The maximum distance to the nearest
source is again constrained for such scenarios. Finally,
we conclude in section IV.
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2II. DISTANCE TO THE NEAREST SOURCE
Nearby UHECR sources are necessary to explain the
high-energy end of the cosmic ray spectrum (E &
1019.5 eV) due to the energy-loss horizon of these par-
ticles. A better understanding of this requirement may
provide additional information about the UHECR source
distribution. We update the work of Ref. [20] by analyz-
ing recent UHECR data from the Pierre Auger Observa-
tory.
We consider spatially uniform distributions of sources
that accelerate UHECR at a constant rate. The injection
spectrum follows a power law with spectral index Γ and
a rigidity-dependent exponential cutoff, exp(−R/Rmax).
We assume a pure mass composition at the sources, with
five representative primaries, 1H, 4He, 14N, 28Si and 56Fe.
Such a species range has an approximately uniform spac-
ing in lnA, where A is the atomic mass. We start as in
Ref. [20] by neglecting the effects of magnetic fields and
consider the robustness of the results under more gen-
eral conditions in the following section. In the absence of
magnetic fields, the use a one-dimensional (1-D) UHECR
propagation treatment is justified.
Using the state-of-the-art Monte Carlo propagation
code CRPropa 3, we obtain the arriving spectrum from
an ensemble of sources. Figures 1 and 2 show the spec-
tra originating from different distance shells as well as
the resulting spectrum for a given distance to the near-
est source, Dmin, for the two extreme primaries, proton
and iron. A simple example scenario with Γ = 2 and
Rmax = 10
21 V is considered. Each distance shell dom-
inates a different energy range in such a way that local
sources contribute the most to the very end of the spec-
trum and, thus, large values of Dmin lead to a strong
suppression of the flux, which is not compatible with the
data.
A. Analysis method
To quantify the proximity of the most local UHECR
sources, we fit for each primary the spectral data of the
Pierre Auger Observatory [10] using a simple χ2-test. We
test different values of the minimum energy bin of the
fit, Efitmin. For each value of E
fit
min and Dmin, the spectral
parameters, Γ and Rmax, as well as the normalization
are taken as free parameters and fitted to the data. We
account for the systematic uncertainties by perfoming a
scan in the energy scale from -14% to 14%. The effects of
Dmin due to propagation losses reveal themselves at the
highest energies, at which the particles propagate almost
ballistically in the magnetic fields.
The distance to the nearest source has much stronger
effects on the measured spectrum than on the measured
composition. Similar results are found for every primary.
Therefore, a simple fit of the spectral data for a pure
composition scenario is sufficient to address the main ef-
fects.
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Figure 1. Example spectrum of cosmic rays divided into dis-
tance shells with protons as primaries. In the top panel, the
black line represents the total flux, while the colored lines rep-
resent the contribution of each distance shell. On the bottom
panel, on the other hand, each colored line shows the total
flux for a given distance to the nearest source, Dmin.
B. Maximal distances of the nearest source
Figure 3 shows the evolution of ∆χ2 as the value of
Dmin is increased for Efitmin = 10
19.5 eV. The data is best
described by small values of Dmin, reinforcing the need
for local sources. Large distances to the nearest source
can be statistically rejected with a confidence level given
by σ =
√
χ2 − χ2min. The reference rejected distances
at 3σ (99.7%) confidence level for Efitmin = 10
19.5 eV are
shown in Table I.
Figure 4 shows the resulting spectra for the best fit
scenario, Dbestmin , as well as the scenario rejected at 3σ
confidence level, D3σmin. Large distances to the nearest
source result in a severe suppression at the highest ener-
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Figure 2. Same as figure 1, but for iron.
gies due to the UHECR horizon, which is in disagreement
with experimental data. Similar effects on the spectrum
were found for helium, nitrogen and silicon.
Primary D3σmin [Mpc] Γ3σ log10(R
3σ
max/V)
p 40 2.8 20
He 40 2.6 23
N 70 2.7 23
Si 31 2.6 23
Fe 100 0.8 19.5
Table I. Reference rejected distances to the nearest source of
UHECR at 3σ (99.7%) confidence level and the fitted spectral
parameters for such cases. A minimum energy of the fit of
Efitmin = 10
19.5 eV is considered.
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Figure 3. Value of χ2 obtained for the best fit parameters
for each distance to the nearest source, Dmin. The results
for Efitmin = 1019.5 eV are shown, similar distributions were
obtained for other values of Efitmin. The pink, green, orange,
cyan and purple lines represent, respectively, the scenarios
with pure proton, helium, nitrogen, silicon and iron compo-
sition at the sources. The confidence level of rejection, σ, is
shown for comparison.
C. Systematics
We investigate the systematic uncertainty of the anal-
ysis by evaluating the influence of some of the model as-
sumptions in the final result, i.e., D3σmin. In particular we
address the minimum energy considered in the fit, Efitmin,
the source evolution, and the extra-galactic background
light model (EBL).
Cosmic rays interact with the background radiation
fields, including the EBL, resulting in energy losses. The
EBL distribution, however, is not well understood and
several competitive models are used to describe it. In this
work, we use the Kneiske model [22] and the upper and
lower limits from the Stecker model [23], as representative
EBL distributions.
The source evolution is modeled as (1 + z)k and the
systematics coming from it are insignificant. Even for
a strong source evolution with redshift such as those
following star formation rates, in which the number of
sources grow with (1 + z)3.6 for small values of red-
shift [24, 25], the results are exactly the same. This is
expected, since the studied effects are coming from close
sources (z . 0.02), for which the density of sources would
change only by a factor of 1.023.6 ≈ 1.07.
Figure 5 shows how the value of D3σmin changes for dif-
ferent values of Efitmin and EBL models for each primary.
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Figure 4. Spectrum of the best fit scenario for both Dbestmin
and D3σmin. The top and bottom panel are for pure proton
and iron composition respectively. The black lines show the
best-fit spectra for the values of Dmin which best describes
the data, while the colored lines show the best-fit spectra for
D3σmin.
While the resulting fit parameters depend heavily on the
assumptions of the fit [11], the inferred value for D3σmin
proves to be stable in relation to these parameters, and
consequently even a simple fit such as the one proposed
here can be used to obtain important insights on the lo-
cal sources of UHECR. Considerations of more realistic
mixed composition would lead to similar conclusions with
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Figure 5. Upper limits of the distance to the nearest source
at 3σ (99.7%) for increasing value of Efitmin. The pink, green,
orange, cyan and purple lines represents, respectively, the sce-
narios with pure proton, helium, nitrogen, silicon and iron
primaries. The number of degrees of freedom (NDF) for each
Efitmin are shown by the dashed gray lines. The area repre-
sents the uncertainty coming for the EBL model. The Kneiske
model [22] as well as the upper and lower limits on the distri-
bution coming from the Stecker model [23] were considered.
restrained distances to the nearest source lying some-
where in between the results obtained in this analysis.
III. MAGNETIC FIELDS
We further study the constraints on the distance to the
nearest source by investigating the effects of the presence
of turbulent extra-galactic magnetic fields.
Being charged particles, UHECR are deflected by both
galactic and extra-galactic magnetic fields. Although this
can impact the distribution of arrival directions, it is ex-
pected that the total flux from a homogeneous distribu-
tion of sources will not be changed by these deflections,
as it has previously been deduced from the application
of Liouville’s theorem [26].
Nevertheless, the relative contribution to the total cos-
mic ray spectrum from sources in each distance shell is
strongly dependent on the extra-galactic magnetic field
strength. The distance to the nearest source can thus
have an impact on both the total arriving spectrum and
composition at different energies, for scenarios in which
strong extra-galactic magnetic fields exist.
In order to further investigate this, we first present a
semi-analytical method for obtaining the UHECR spec-
trum and the corresponding contribution of each distance
5shell in such environments. Subsequently, we discuss the
resulting effects and finally study the robustness of the
maximum distance to the nearest sources in the presence
of extra-galactic magnetic fields (EGMF).
A. Semi-analytical propagation method
The propagation of ultra-high energy nuclei is stochas-
tic in nature and, thus, can be studied with Monte Carlo
methods. Environments without magnetic fields can be
efficiently simulated by adopting simplifying techniques
such as performing the simulation in 1-D and reweight-
ing the events using the sources energy and distance dis-
tributions. Nevertheless, when a general extragalactic
magnetic field is considered, a so-called 4-D simulation is
needed, taking into account the spatial scales and also the
time (or redshift) at which the cosmic ray was emitted.
This increases the computational cost, due to the extra
dimensions considered as well as to the fact that most of
the simulated cosmic rays do not arrive at Earth.
If the considered fields are turbulent and isotropic,
however, the propagation remains radially symmetric
around each source and, thus, a mapping of the 1-D
Monte Carlo simulation into a 4-D result is possible.
In order to do so, it is necessary to obtain the distance
distribution of cosmic rays from each source as a func-
tion of time, dN/dr(t, λscatt), where λscatt(R,B, λcoh) is
the scattering length, which depends on the rigidity of
the cosmic ray, the field intensity, B, and the coher-
ence length, λcoh (present limitations in our knowledge
of these actual field structures motivates such simple pre-
scriptions).
Three regimes are considered depending on the rigid-
ity, travel time and magnetic field properties: for short
times the cosmic ray propagates ballistically and a sim-
ple delta function is enough to describe the distribution;
for large times, the propagation is diffusive and a trun-
cated Gaussian is used, and for the intermediate regime
a Jüttner distribution is needed.
The 1-D Monte Carlo simulations are then mapped
into a 4-D result by an analytic expression for the frac-
tion P of cosmic rays emitted at time t (or equivalently
distance D = ct in the 1-D simulation) that were emitted
at sources in a distance window (Dmin, Dmax), which is
given by:
P =
∫ Dmax
Dmin
dN
dr
(t, λscatt)dr. (1)
The distribution dN/dr is explained in details in Ap-
pendix A and an example distribution of this function is
shown in figure 9. Additionally, the simulation setup, the
mapping, and the validation of the method are described
in Appendix B. The method obtains results consistent to
those obtained by a full 4-D simulation, with more than 4
orders of magnitude less computational time and a better
control of the simulation parameters.
For the mapping of propagation time to distance, we
assume that the scattering length of the cosmic rays re-
mains approximately constant during their propagation.
This is reasonable, since the main energy loss mecha-
nism for nuclei is photodisintegration, in which the rigid-
ity may change by a factor of 26/56 ≈ 0.5 in the worst
case. For protons at the lowest energies considered, the
main energy loss mechanism is the e−e+ pair production
which has a large loss length and has previously been
demonstrated to be safely neglected [19].
B. Spectral effects of extra-galactic magnetic fields
In this section, we decipher the various spectral fea-
tures expected to arise in an environment with magnetic
fields, following the procedure described in section IIIA.
We consider an extra-galactic magnetic field with Kol-
mogorov turbulence power-spectrum (see Appendix B for
more details). Such a field construction can be fully char-
acterized by its RMS field strength, B, and coherence
length, λcoh. We illustrate the effects with a representa-
tive scenario using Γ = 2 and Rmax = 1021 V is taken.
The effects of magnetic fields on the contribution of
each distance shell can be seen in the upper panels of
figures 6 and 7, for proton and iron, respectively. As
visible in the individual plots, up to four regimes are
present in each shell and are convoluted with the spectral
features coming from energy loss processes. From higher
to lower energies, they can be defined as:
I Ballistic: at the highest energies, the rigidity is suf-
ficiently high, and the propagation distances suffi-
ciently short, such that magnetic field effects do not
arise.
II Non-resonant scattering enhancement: for
lower energies, the cosmic ray number density from
a shell increases due to the accumulation of particles
scattering over time and their ability to return to a
region. In this region, the enhancement scales as as
E−2.
III Resonant scattering enhancement: due to the
energy dependence of the scattering lengths, which
is encapsulated in equation B6, in this region the
enhancement scales as E−1/3.
IV Magnetic horizon: a low-energy magnetic horizon
emerges due to the finite age of the Universe.
The farther the shell, the higher the energy up to which
these effects are manifest.
In the lower panels of figures 6 and 7, the total spec-
trum for a given distance to the nearest source is shown.
The combination of the four effects aforementioned in
each shell results in a notable low-energy horizon and a
hardening of the spectrum above the ankle and close to
GZK energies.
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Figure 6. Spectrum of cosmic rays in an environment with
turbulent magnetic fields divided into distance shells for a
pure composition of proton at the sources. The parameters
of the fields are taken as B = 3 nG and λcoh = 1 Mpc.
In the top panel, each colored line shows the contribution
from each distance shell, while the black line shows the total
spectrum. The dashed lines show the case with no magnetic
fields for comparison. On the bottom panel, each colored line
represent a scenario with a different distance to the nearest
source, Dmin.
C. Distance constraints with magnetic fields
In order to verify the robustness of the results pre-
sented in section II, we repeat the fit and constrain
the distance to the nearest source under different extra-
galactic magnetic field assumptions using the method de-
scribed in section IIIA. We considered magnetic fields
below the upper limits of 3 nG set by observations [27–
29]. Additionally, magnetic fields weaker than 0.1 nG
have almost no effect within the energy range considered
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Figure 7. Same as figure 6, but for iron.
here. Changing λcoh also impacts the final spectrum.
The magnitude of the effect scales with B
√
λcoh.
Figure 8 shows the evolution of the maximum value of
the distance to the nearest source at 3σ confidence level,
D3σmin, and of the spectral index, Γ, with relation to the
field strength, B. In scenarios for extra-galactic magnetic
fields within the range allowed by observation that we
consider, our results for the least constrained primaries,
i.e., nitrogen and iron are strengthened and the results
obtained for proton, helium and silicon are confirmed.
Important insight can also be drawn from the evolu-
tion of the spectral index, Γ with relation to the field
strength, B. For reasonable magnetic field strengths, a
softening of the fitted spectral index is found. This is
expected in order to compensate for the hardening of the
spectrum coming from the magnetic effects described in
section III B.
From this analysis, as appreciated from figure 8, we
conclude that the existence of sources at D < 25 −
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Figure 8. The top panel shows the evolution of the restrained
distance to nearest source, D3σmin with relation to the field
strength, B, while the bottom one shows the evolution of
the fitted spectral index, Γ, with relation to B. The pink,
green, orange, cyan and purple lines represent, respectively,
the scenarios with pure proton, helium, nitrogen, silicon and
iron composition at the sources.
100 Mpc (z . 0.02) are imperative to explain the high-
energy end of the spectrum measured by the Pierre Auger
Observatory. This corroborates the previous results re-
garding the need of local sources [20].
IV. CONCLUSIONS
In this work, we have revisited and updated previous
studies on the need of local UHECR sources. We have
furthered these results by considering the combined ef-
fects to the arriving spectrum of magnetic fields and the
distance to the nearest UHECR source.
We updated the result of Ref. [20] using new data from
the Pierre Auger Observatory and adopting the publicly
available Monte Carlo propagation code CRPropa 3. A
simple fit to the spectral data of the Pierre Auger Ob-
servatory for scenarios considering a pure composition at
the sources was performed. The fit becomes inconsistent
with the data for large distances to the nearest source,
Dmin. The resulting upper limits at the 3σ confidence
level, D3σmin, are shown in table I.
The stability of the analysis was also addressed for the
first time. The fit result was shown to be stable with
respect to the initial energy bin of the analysis, the pri-
mary composition, and the models adopted for the EBL
and source evolution. This contrasts with the spectral
parameters, which tend to depend strongly on such hy-
potheses.
For the first time, we studied the combined effects of
a distance to the closest source and the presence of tur-
bulent extra-galactic magnetic fields. A semi-analytical
method for the propagation of UHECR in these turbu-
lent fields was presented. A mapping of a 1-D simulation
into a 4-D simulation using the distance distribution of
cosmic rays emitted by a source is used. This method
is considerably faster and computationally easier than a
full 4-D Monte Carlo simulation.
Although turbulent magnetic fields do not change the
total flux from a homogeneous distribution of sources,
we show how the contribution of each distance shell is
affected. Specifically, we highlight four regimes for such
alteration effects: ballistic, non-resonant scattering en-
hancement, resonant scattering enhancement, and a low-
energy magnetic horizon. Consequently, introducing a
reasonable value of Dmin results in a low-energy suppres-
sion and a hardening in the measured spectrum. We
discussed the dependence of the horizon on the primary
species and the field properties, a change in the compo-
sition measurements for lower energies is also expected.
Finally, we have re-analyzed the data accounting for
the effects of magnetic fields. For reasonable values of the
field strength, our constraints on the distance to the near-
est source are confirmed, or even strengthened depending
on the primary. Therefore, we reaffirm the previous re-
sults that sources at D < 25 − 100 Mpc are imperative
to describe the experimental data from the Pierre Auger
Observatory. This is consistent with several astrophysi-
cal models that predict that the main bulk of the cosmic
ray spectrum can be explained by nearby sources [30–33].
In summary, the interplay between magnetic fields and
the distance to the nearest source imprints significant fea-
tures in the spectrum of UHECR. Complimentary to the
arrival directions, which contain information about the
angular distribution of UHECR sources, the composition
and most importantly the spectral data allows to study
their radial distribution.
8ACKNOWLEDGEMENTS
RGL and VdS acknowledge FAPESP support No.
2015/15897-1, No. 2016/24943-0 and No. 2019/01653-
4. MA acknowledges support by Villum Fonden under
project no. 18994. RGL thanks DESY Zeuthen for all
the help and infra-structure provided while visiting the
institution.
Appendix A: Distance distributions
If we consider isotropic random EGMF, the spatial dis-
tribution of cosmic rays emitted by a source is only a
function of distance, r, the diffusive scattering length,
λscatt (which depends on the cosmic ray ridigity), and
propagation time, t. In the following we discuss the prob-
ability distribution to observe a cosmic ray test particle
at a radial distance r from its source after the propaga-
tion time t.
Three different regimes are considered. For early times,
(α = 3ct/λscatt < 0.1), the effects of magnetic fields are
still negligible and the propagation is approximately bal-
listic. A delta distribution is used to describe this regime:
(
dN
dr
)
ballistic
= δ(r − ct) . (A1)
On the other hand, for long travel times, α > 10 cosmic
ray propagation is well described as a diffusive process.
To avoid superluminal propagation, r > ct, we use the
following truncated Gaussian distribution(
dN
dr
)
diff
=
{
Ar2e−
r2
2σ2 for r ≤ ct
0 for r > ct
, (A2)
where σ =
√
λscattct/3 and A is the normalization con-
stant given by
1
A
= σ2
(√
pi
2
σerf
(
ct
2σ
)
− cte− (ct)
2
2σ2
)
. (A3)
This distribution describes very well the diffusive regime
and is relatively well behaved and easy to treat both nu-
merically and analytically. However, its limit in the bal-
listic regime (σ →∞), is given by
lim
σ→∞
(
dN
dr
)
diff
=
{
3r2
(ct)3 for r ≤ ct
0 for r > ct
, (A4)
which is not a delta distribution as expected (even though
it still peaks at r = ct). Therefore, the truncated Gaus-
sian distribution does not describe very well the transi-
tion between the ballistic and the diffusive regime. Con-
sequently, for the transition regime, i.e., 0.1 < α < 10, a
more complex function is needed and the Jüttner distri-
bution [34, 35] is used,
(
dN
dr
)
Jüttner
=

r2αe
−α/
√
1−( rct )
2
(ct)3K1(α)
(
1−( rct )
2
)2 for r ≤ ct
0 for r > ct
,
(A5)
where α = 3ct/λscatt. The limits of this distribution for
small and large α agree with the ballistic and diffusive
regime respectively. Nevertheless, the Jüttner distribu-
tion is much more complex to handle both numerically
and analytically.
Figure 9 shows the time evolution of the cosmic ray
spatial distribution as well as its integral over time (lower
panel). Each of the regimes, in which a different distri-
bution is considered, is highlighted by a different color.
For short distances the flux behaves as 1/r2, for merely
geometric reasons. Farther on, on the diffusive regime,
the flux behaves as 1/r, which is due to the accumulation
of events over time. Finally, there is a suppression of the
flux due to the finite age of the Universe (in this example
plot taken as ctmax = 3000 Mpc).
Appendix B: Simulation and Validation
The simulations were performed with the most widely
used package for Monte Carlo simulations of UHECR
in the literature, CRPropa 3 [21]1. The setup con-
sists of a 1-D simulation with no magnetic fields for
sources with emitting energy Es = [1, 104] EeV and age
cts = [1, 3162.2] Mpc each with 20 bins per decade in
log10
2. 1H, 4He, 14N, 28Si and 56Fe were used as pri-
maries. Pion production, e−e+ pair production, photo-
disintegration and adiabatic losses are considered.
For each combination of initial parameters (Es, ts and
primary charge Zs), a number of detected cosmic rays as
a function of the energy, S(E, (Es, ts, Zs)), was obtained
in the simulations. The final flux for each primary and
a shell of sources with D = (Dmin, Dmax) is then given
with an arbitrary normalization by:
dN
dE
(D,E,Zs) =
∑
Es,ts
S(E, (Es, ts, Zs))Wspec(Es, Zs)
×Wredshift(ts)Wmag(Es, ts, D)Wsim(Es, ts) , (B1)
where Wspec, Wredshift, Wmag and Wsim are, respec-
tively, the weights accounting for spectral features, red-
shift distribution, magnetic fields and the simulation bin-
ning. We use the following ansatz for the (relative)
1 https://crpropa.desy.de
2 In a 1-D simulation, the age (and consequently travel time)
cts = Ds, where Ds is the distance of the source since all the
propagation is ballistic.
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Figure 9. Distance distribution of cosmic rays emitted by
a single source in an environment with turbulent magnetic
fields. The top panel shows the time evolution, each line
represents the distribution after a given time with log steps.
The bottom panel shows the time integrated distribution. In
both panels, red, blue and green represent, respectively, the
ballistic (α < 0.1), transition (0.1 ≤ α < 10) and diffusive
(α > 10) regimes. A scattering length, λscatt = 10 Mpc was
chosen and the age of the Universe was taken as ctmax =
104 Mpc.
weights
Wspec(Es, Zs) ∝ E−Γs eEs/(ZsRmax) , (B2)
Wredshift(ts) ∝ (1 + z(ts))m , (B3)
Wsim(Es, ts) ∝ Ests , (B4)
where the spectral index, Γ, and the maximum rigidity
at the sources, Rmax are the spectral parameters. The
parameter m accounts for the evolution of the source dis-
tribution with redshift and the extra term Ests is needed
to compensate for the log binning of the simulation.
The effects of the turbulent magnetic fields are intro-
duced by
Wmag ∝
∫ Dmax
Dmin
dN
dr
(λscatt, ts)dr, (B5)
where dN/dr is the distribution given in A and λscatt
is given by
λscatt =

(
RL
λcoh
)1/3
λcoh for RL < λcoh(
RL
λcoh
)2
λcoh, for RL ≥ λcoh
, (B6)
where λcoh is the coherence length of the field and RL is
the Larmor radius of the particle given by
RL =
p
|q|B ≈
1.081
Z
(
E
EeV
)(
nG
B
)
Mpc. (B7)
Finally, the overall CR flux is obtained by the sum
shells and primaries:
dN
dE
(E) =
∑
D,Zs
f(Zs)
dN
dE
(D,E,Zs), (B8)
where f(Zs) is the fraction of the primary at the
source.
We validate our method by a comparison to the results
of a full 4-D simulation using CRPropa 3 for a simple
case scenario. A pure iron composition at the sources
and a strong magnetic field (B = 2.4 nG, λcoh = 1 Mpc)
are chosen to enhance the effects of the magnetic fields.
No energy losses are taken into account in order to avoid
masking the effects from the magnetic fields and speed up
the simulations. A scenario with Γ = 2, Rmax = 1021 V
and ctmax = 3000 Mpc is considered.
Figure 10 shows the contribution from each distance
shell to the total flux obtained with each method. The
results are consistent with each other. The results from
the 4-D simulation fluctuate much more due to the low
statistics of simulated events for farther sources, even
with 104 times longer simulations. An easier handling
of the magnetic field properties is possible with the semi-
analytical approach, since this information is contained
on the mapping. For the 4-D simulation, on the other
hand, it would be necessary to rerun the whole simulation
for different field parameters.
Therefore, the proposed method obtains consistent re-
sults with a considerably lower computational cost and a
better control of the simulation parameters with relation
to a full 4-D simulation.
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Figure 10. Comparison of the results of the proposed method
and a full 4-D simulation. The black line shows the total
spectrum while the different colored lines show the contribu-
tion of each distance shell. The continuous and dashed lines
represent, respectively, the semi-analytical and the full 4-D
simulation.
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